The process of protein crystallization often takes place too rapidly, thus producing showers of crystals instead of large single crystals. A novel technique for improving protein-crystal size by slowing down the crystallization process is described. This is achieved by the setting up of a vapour-diffusion experiment with a layer of oil placed above the reservoir. The oil acts as a barrier between the reservoir and the crystallization drop, but water vapour diffuses slowly through the layer of oil. The type of oil and the thickness of the oil layer situated above the reservoir will dictate the rate of vapour diffusion and consequently the speed of crystallization. This technique reduces the number of crystals grown and increases their size.
Introduction
Often, numerous tiny crystals are formed in protein-crystallization trials, instead of the desired large single crystals. In some cases, this occurs because the process of crystallization takes place too quickly; in other words, the rate of increase of the concentration that controls the extent of supersaturation in a trial drop is too rapid. Hence, a means to control the degree of supersaturation (which is the driving force of crystallization) and thus reduce the speed of the crystallization process was sought. Luft et al. (1994) reported a means of affecting the kinetics of the crystallization and approaching supersaturation more slowly by designing a crystallization plate (Z/3) with variable distances between the reservoir and the crystallization drop and by using a variety of salts either on their own (Arakali, Easley, Luft & DeTitta, 1994) or in addion to polyethylene glycol (PEG)-mediated crystallizations (Lufi & DeTitta, 1995; Arakali, Luft & DeTitta, 1995) . However, in the case of Linbro plates, the drop-to-reservoir distance does not significantly affect the equilibration rate, as demonstrated by Mikol, Rodeau & Gieg6 (1990) . Gernert, Smith & Carter (1988) and Przybylska (1989) succeeded in approaching supersaturation more slowly by using a double cell or a flow cell for vapourdiffusion trials and a similar approach was adopted by Thomas, Rob & Rice (1989) using the dialysis method.
Experience from crystallization experiments using the microbatch method (Chayen, Shaw Stewart, Maeder & Blow, 1990; Chayen, Shaw Stewart & Blow, 1992) has shown that, although oil and water are thought to be immiscible, water can evaporate from trials through the paraffin and/or silicone oils (which are used to seal the microbatch trials in order to avoid evaporation), thereby affecting the crystallization results (Normile, 1995; D'Arcy, Elmore, Stihle & Johnston, 1996; Chayen, Gordon, Phillips, Saridakis & Zagalsky, 1996) . This observation has been exploited to slow down the speed of crystallization in conventional vapour-diffusion experiments, leading to the production of improved crystal size. This communication is a qualitative practical study that describes a simple technique for controlling the rate of vapour diffusion by the introduction of an oil barrier over the reservoir of a vapourdiffusion trial (hanging or sitting drops). Examples showing the improvement in the size and optical quality of crystals grown by this technique are presented.
Experimental

Experimental set-up
The basic principle of the technique is to introduce a barrier between the reservoir of a vapour-diffusion trial and its drop, such that the diffusion should proceed more slowly. A hangingdrop experiment is set up in a Linbro plate as it would normally be performed (Ducruix & Giegr, 1992) , the only difference being that a layer of oil (of controlled thickness) is spread onto the reservoir just prior to the positioning of the coverslip. The simplest way to control the thickness is to dispense a measured volume of oil above the reservoir using a standard pipette. For sitting drops, the oil is layered above the reservoir in a Cryschem plate. The oil employed is of low density (/9 = 0.83-0.86 gcm -3) and therefore it floats above the aqueous reservoir ( Fig. 1 ).
Materials
Lysozyme (L 6876), thaumatin (T 7638) and PIPES (piperazine-N,N'-bis-[2 ethanesulfonic acid]) were obtained from Sigma (Poole, Dorset, England). Sodium acetate, sodium chloride, acetic acid, hydrochloric acid, citric acid and sodium potassium tartrate were purchased from BDH Chemicals Ltd, England. Linbro plates were supplied by Flow Laboratories Inc. (Virginia, USA) and siliconized coverslips were from Hampton Research. The oils used were liquid colourless light paraffin and Dow Coming silicone fluid 200/1 cS, both purchased from BDH. The oils were applied either separately or as mixtures of 50% paraffin + 50% silicone or of 65% paraffin + 35% silicone. The two oils mix well by light shaking.
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Low density oil Reservoir Fig. 1 Set-up of a hanging-drop experiment containing an oil barrier. A hanging-drop experiment is set up in a Linbro plate as it would normally be performed, the only difference being that a measured volume of oil is layered above the reservoir.
Crystallization
Crystallization experiments were set up as vapour-diffusion trials in hanging drops (4 ~tl) in Linbro plates or in sitting drops (5-10 I.tl) in Cryschem plates. The crystallization drops were made up as follows: for lysozyme, a stock solution of 30-40gl -1 lysozyme in 0.01 M sodium citrate buffer at pH 4.7 was mixed in equal volumes with a reservoir solution containing 1.0 or 1.2M sodium chloride and 0.010M sodium citrate buffer pH4.7 (or 0.05M of sodium acetate buffer pH 4.5). In the case of thaumatin, a stock solution of 35 g 1-1 in deionized water was mixed in equal volumes with a reservoir solution containing 1 M of sodium potassium tartrate pH 7.0 and 0.1 M PIPES pH 6.8. Crystallization took place at 291 K. Control experiments accommodated typically 1 ml of reservoir solution; trials incorporating a barrier had various volumes of the different oils, or mixtures of the oils at different ratios placed above the 1 ml of reservoir solution. Any reservoir volume between 0.6 and l ml was acceptable for the experiments. The solutions were filtered through 0.22 lxm filters (Millipore Ltd, England). The results reported represent over six repeated trials, each set up in duplicate or triplicate. The results shown in the figures are based on the use of the same protein sample under the same conditions at the same time. Results were assessed initially 1 d after the initiation of crystallization and continuously every 2 to 3 d up to one month from the time of setting up the experiments.
Results and discussion
The type of oil that was used as a barrier proved to be of importance to the outcome of the experiments. Previous experience gained from crystallization trials using the microbatch method (Chayen, Shaw Stewart & Blow, 1992) had shown that evaporation of water through paraff-m oil is significantly slower than that through silicone oils (D'Arcy, Elmore, Stihle & Johnston, 1996; Chayen & Shaw Stewart, unpublished) . Mixing of paraffin and silicone oils in different ratios allows the diffusion to be regulated (D'Arcy, Elmore, Stihle & Johnston, 1996) .
With this in mind, the two different oils, paraffin and silicone, were applied as barriers, separately and also as mixtures of these two oils. Fig. 2 compares crystals of thaumatin obtained in hanging drops in the absence ( Fig. 2a ) and in the presence (Fig. 2b ) of a barrier of 200 I.tl of silicone oil, in the presence of 200 ~tl paraff-m oil ( Fig. 2c ) and in the presence of a 200 btl mixture of equal volumes of the two (Fig. 2d ). In the case of silicone, the crystals are not very different from those in the control (which does not have a barrier). The drops above paraffm have produced larger crystals but they contain precipitate and these drops tend to dry up within a few days. The drops situated over a mixture of the oils produce fewer, yet better crystals than the other drops.
It transpired that paraffin oil did not allow sufficient diffusion from the reservoir, resulting in drying up of the crystallization drops because these trials virtually became unsealed batch experiments (exposed to the air gap between the drop and the oil layer) in which crystallization took place solely due to evaporation. The effect of silicone fluid was not sufficiently pronounced, but a mixture of equal volumes of the paraffin and silicone oils appeared to produce the best results. Similar observations were recorded for the crystallization of lysozyme. Fig. 3 demonstrates the number and size of thaumatin and of lysozyme crystals grown in hanging drops as a result of the incorporation of the mixture (1:1) of paraffin and silicone oils as barriers. Crystals in the controls (Fig. 3a ) that contain no barrier appeared overnight with average crystal size measuring 100 x 70 x 50 lxm in both cases (not shown for lysozyme). The crystals did not significantly increase in size over a period of a month. In contrast, the crystals grown above 500 I.tl of oil barrier appeared after 3 d and continued to grow over a period of 14 d to reach their full size of approximately 500 x 300 x 200 ~tm in the case of thaumatin (Fig. 3b) and 700 x 400 x 300 lxm for lysozyme (not shown). In order to test the effect of the oil barrier when fewer crystals are formed to start with, the concentration of NaC1 in lysozyme trials was reduced to 1 M. The crystals formed in the control (Fig. 3c ) appeared within two days, measuring 400 x 300 x 200 ~tm, and grew no further. The crystals produced in the presence of a 250 l.tl oil barrier (Fig. 3d ) appeared only after 4-5 d, but by the 8th day those measured 700 x 420 x 300 lam. As seen in Fig. 3 , the size and optical quality of both thaumatin and lysozyme crystals grown over an oil barrier is clearly improved compared to the crystals in the controls.
The above results confirm that water vapour does indeed diffuse through the layer of oil, and further trials showed that the speed of the diffusion is a function of the thickness (in practice controlled by the volume) of the oil layer that is situated above the reservoir. The diameter of of the wells of Linbro and Cryschem plates is 16mm, so that 500 l-d of oil gives a layer that is 2.5 mm thick. (V = ~r, x2y/4 , where V is the volume, x is the diameter of the well and y is the thickness.) Fig. 4 presents a series ofthaumatin crystallization trials each containing a different volume of oil (1:1 mixture of paraffin and silicone) above the reservoir of a hanging drop. When 100 l.tl of oil are applied above the reservoir (Fig. 4b) , there is no major improvement in the crystals compared to those in the control (Fig. 4a ). However, the presence of 250 ~tl (Fig. 4c ) and 500 I.tl (Fig. 4d ) over the reservoirs yields fewer yet larger crystals, with the smallest number and largest average size of crystals (600 x 300 x 200 pm) grown in the drop situated above 500 pl of oil ( Fig. 4d) . A barrier consisting of a mixture of 65% paraffin and 35% silicone yielded slightly larger crystals measuring 700 x 300 x 220 pm. When volumes of 50-100 pl are placed onto the reservoir solution, the crystals appeared at the same time as they did in the controls and were not significantly different from those of control experiments that consist of a standard hanging-or sitting-drop experiment (without the presence of an oil barrier). Oil volumes of greater than 100-700 pl result in a significant delay of the crystallization time compared to control experiments; however, the size of the crystals is much improved (Figs.  3 and 4) .
According to the finding of Luft et al. (1994) , one could think that the presence of the oil layer may influence the equilibration rate merely by affecting the distance between the drop and its reservoir. Mikol, Rodeau & Gieg6 (1990) estimated the drop-to-reservoir distance in a Linbro plate to be 10 and 5 mm for 1 and 2 ml of reservoir, respectively. They showed that the equilibration kinetics were identical when the distance was reduced from 10 to 5 mm. According to this estimate, the thickness of the oil layer, which is only 2.5 mm (at its thickest), alters the drop-to-reservoir distance in the Linbro plate to 7.5 mm instead of the 10 mm (without the oil layer). Thus, it is evidently not the drop-to-reservoir distance that is making the difference to the crystallization kinetics, but the effect of the oil itself.
The results in hanging drops were more pronounced than in sitting drops, perhaps because the surface of the Cryschem plate is much rougher than the smooth siliconized coverslips. It is conceivable that the surface itself caused excess nucleation (Yonath, Mussing & Wittman, 1982; Chayen, 1996) , thus masking the beneficial effect of the oil-barrier technique.
Concluding remarks
There are various ways to reduce the number of crystals formed in a crystallization sample. These include: decreasing the concentrations of the protein and/or the precipitating agents; eliminating the area of contact between the crystallization trial and its supporting vessel (Chayen, 1996; Lorber & Gieg~, 1996) ; filtration of the samples through very fine filters; and seeding (Stura & Wilson, 1992) . Failing these, exploration of different conditions, a different method or different growth media such as gels (e.g. Robert, Provost & Lefacheux, 1992; Garcia Ruiz & Moreno, 1994) can be tried. Decreasing the concentrations of the ingredients in a trial does not always solve the problem, and rigid filtration introduces the risk of failure to obtain any crystals altogether (Chayen, Radcliffe & Blow, 1993; Blow, Chayen, Lloyd & Saridakis, 1994) . Changing over to another method or to different growth media requires labour and time for adapting the conditions. The procedure presented here, which simply involves the addition of an oil barrier to a standard vapour-diffusion trial, requires no change of conditions or methodology and may be considered as an alternative means to improve the size and quality of protein crystals. Furthermore, since this method involves water-oil interaction, it is likely to be applicable beyond the field of protein crystallization, and may also aid other areas of crystal growth such as small molecules and other substances.
